Introduction
============

The prevalence of cardiovascular disease has been increasing globally. According to the World Health Organization, more than 17.5 million people die of cardiovascular disease per year, and this number is projected to rise to \>23.6 million by 2030.[@b1-dddt-12-067] Hypertension is an important risk factor for cardiovascular disease, myocardial infarction, stroke, and renal failure.[@b2-dddt-12-067] Globally, two-thirds of stroke and one-half of ischemic heart disease events are attributable to poor blood pressure (BP) control, which contributes to \~13% of all deaths and 4.5% of all disability-adjusted life years.[@b3-dddt-12-067] The prevention and management of hypertension and related health complications are particularly important in reducing this burden. Accumulating evidence suggests that nutritional and lifestyle-based interventions and beneficial dietary supplements can assist in the treatment and control of hypertension and as adjuvants in pharmacologic therapies to reduce cardiovascular disease risk.[@b4-dddt-12-067]--[@b6-dddt-12-067]

Chitosan, a natural polysaccharide of β-1,4-linked glucosamine residues, is a biopolymer obtained primarily from the exoskeletons of crustaceans or from the cell walls of mushrooms.[@b7-dddt-12-067] Dietary chitosan may help reduce the body weight and can lower blood lipids in both animal and human trials due to its chemical structure.[@b8-dddt-12-067],[@b9-dddt-12-067] However, the effects of chitosan on other cardiovascular risk factors, such as BP, have not been systematically assessed. Given the growing burden of hypertension, the suggested properties and benefits of dietary fiber consumption are an emergent area of research that warrants further scientific investigation. Evidence from experimental studies have indicated that administration of chitosan could prevent the development of hypertension in spontaneously hypertensive rats.[@b10-dddt-12-067]--[@b12-dddt-12-067] Treatment of spontaneously hypertensive rats with water-soluble chitosan intervention strongly reduced the abnormally high BP and membrane thickness/lumen diameter ratio of abdominal aorta by suppressing the high levels of nuclear factor c1 of activated T cells (NFATc1) protein and even mRNA.[@b11-dddt-12-067] Because of promising results in preclinical models, many clinical trials have been performed to determine the effect of chitosan intervention on the change of BP.[@b13-dddt-12-067]--[@b16-dddt-12-067] However, these studies have a small sample size and convey mixed and inconclusive results. Therefore, given the increased statistical power afforded by meta-analysis and the enhanced precision of estimating effect sizes across several modest-sized trials, we conducted a meta-analysis of the evidence from available randomized controlled trials (RCTs) to evaluate the efficacy of chitosan administration on systolic and diastolic BP in humans. Our results inform whether chitosan supplements could be efficacious in preventing hypertension and cardiovascular disease.

Materials and methods
=====================

Data sources and searches
-------------------------

We performed a literature search in Medline, EMBASE, and the Cochrane Central Register of Controlled Trials databases from January 1966 through March 2017 to identify RCTs examining the effects of chitosan on arterial BP. The following search terms were used: (Chitosan OR chitin) AND (blood pressure OR hypertension OR hypertensive OR diastolic blood pressure OR systolic blood pressure). Our search was confined to human studies without language restrictions. Furthermore, we also reviewed bibliographies of original research and previous reviews to complement the search.

Selection of studies
--------------------

Potential articles were screened and selected based on our inclusion and exclusion criteria as follows: 1) adult participants (age ≥18 years); 2) participants who used chitosan consumption in any form as an intervention (regardless of the type or application); 3) the study was an RCT in humans with either a parallel or crossover design; 4) trial reported effects of chitosan administration on BP, including SBP and/or DBP; and 5) presentation of sufficient information on baseline and at the end of study in both chitosan and control groups. Studies were excluded if they 1) did not report the dose of chitosan consumption; 2) had a consumption duration of \<2 weeks; and 3) were reported in abstract form or letters only.

Quality control
---------------

We utilized the Cochrane Collaboration's tool to assess the bias of included trials.[@b17-dddt-12-067] Random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other sources of bias were judged to be high, low, or unclear in each of the studies included. A judgment of "L" indicated low risk of bias, while "H" indicated high risk of bias. Labeling an item as "U" indicated an unclear or unknown risk of bias.

Data extraction
---------------

From each study, we abstracted the first author's name, year of publication, study design (crossover or parallel; single blind or double blind), intervention duration, form and dosage of chitosan intake, number of patients involved, country of origin, and the characteristics of the participants (including age, gender, baseline values for body mass index, and health status). If the trials included in our analysis had multiple intervention groups, we grouped together all the experimental groups and compared them with the control group. Disagreements were also resolved through discussion and consensus.

Data synthesis and analysis
---------------------------

We calculated weighted mean difference (WMD) and 95% CIs between the intervention and control groups for continuous outcomes. Heterogeneity across the studies was tested using the *I*^2^ statistic, and an *I*^2^ value of \>50% indicated significant heterogeneity. Primary analyses were conducted with a fixed-effects model, and secondary confirmatory analyses were conducted with a random-effects model if there was significant heterogeneity.[@b18-dddt-12-067] To examine the effects of factors on the primary outcomes, several previously defined subgroup analyses were considered according to the intervention duration, study design, and chitosan dose. In order to evaluate the influence of each study on the overall effect size, sensitivity analysis was conducted by removing one study at a time or changing the effects models independently. Presence of publication bias in the meta-analysis was assessed by visually inspecting a funnel plot and was also evaluated by using the Egger's test.[@b19-dddt-12-067] All tests were two-tailed and a *P*-value of \<0.05 was considered statistically significant for all analyses. All statistical analyses were performed using the STATA program (Version 12.0; StataCorp LP, College Station, TX, USA).

Meta-regression analysis
------------------------

To evaluate the association between calculated net changes in outcomes and putative confounders, the effects of dosage and duration of chitosan administration on BP were determined by a restricted maximum likelihood--based meta-regression analysis.[@b20-dddt-12-067]

Results
=======

Retrieved data and characteristics of the trials
------------------------------------------------

In summary, eight RCTs (equivalent to 10 treatment arms) met our inclusion criteria and were preferred for the final pooled analysis.[@b14-dddt-12-067]--[@b16-dddt-12-067],[@b21-dddt-12-067]--[@b25-dddt-12-067] [Figure 1](#f1-dddt-12-067){ref-type="fig"} shows the number of studies assessed and excluded through the stages of the meta-analysis. A summary of the basic characteristics of the included trials and participants is given in [Table 1](#t1-dddt-12-067){ref-type="table"}. These trials were published between 1999 and 2005. Two of the trials were conducted in Finland;[@b16-dddt-12-067],[@b22-dddt-12-067] the others were conducted in Japan,[@b15-dddt-12-067] UK,[@b14-dddt-12-067] Singapore,[@b21-dddt-12-067] Australia,[@b23-dddt-12-067] Italy,[@b24-dddt-12-067] and Poland.[@b25-dddt-12-067] The number of participants included in these studies ranged from 30 to 250 (total 617). The age of participants among all trials ranged from 22 to 80 years. Crossover design was reported in two studies,[@b16-dddt-12-067],[@b22-dddt-12-067] and six trials reported parallel design.[@b14-dddt-12-067],[@b15-dddt-12-067],[@b21-dddt-12-067],[@b23-dddt-12-067]--[@b25-dddt-12-067] The chitosan administration method varied among the trials, with six studies reporting use of chitosan capsulation,[@b14-dddt-12-067],[@b15-dddt-12-067],[@b21-dddt-12-067],[@b23-dddt-12-067]--[@b25-dddt-12-067] and two studies reporting use of microcrystalline chitosan.[@b16-dddt-12-067],[@b22-dddt-12-067] A range of doses from 1 to 4.5 g/day of chitosan were administered in these included trials, with a median of 2.41 g/day. The duration of the chitosan intervention varied from 4 to 24 weeks (median: 12.4 weeks). The body mass index values of patients at baseline ranged from 22.9 to 35.5 kg/m^2^. Selected studies were performed in subjects with overweight or obesity, hypercholesterolemia, and prehypertension (defined as systolic BP ranging from 120 to 139 mmHg and/or diastolic BP ranging from 80 to 89 mmHg). The baseline levels of BP were generally matched between the chitosan and control groups in the included studies. An adequate randomized sequence was generated in six trials,[@b14-dddt-12-067]--[@b16-dddt-12-067],[@b22-dddt-12-067],[@b23-dddt-12-067],[@b25-dddt-12-067] and two selected studies did not provide sufficient data about random sequence generation.[@b21-dddt-12-067],[@b24-dddt-12-067] The details of the risk-of-bias analysis are shown in [Table 2](#t2-dddt-12-067){ref-type="table"}.

Effects of chitosan administration on SBP and DBP
-------------------------------------------------

The results for BP were reported in eight RCTs (10 treatment arms) representing 617 participants. As shown in [Figure 2](#f2-dddt-12-067){ref-type="fig"}, chitosan intervention did not significantly influence SBP (WMD: −1.41 mmHg, 95% CI: −3.29 to 0.47; *P*=0.14), without significant heterogeneity (*I*^2^=0%). No significant decrease was detected for the effect of chitosan on DBP (WMD: −0.61 mmHg, 95% CI: −1.75 to 0.52; *P*=0.29; *I*^2^=25%).

The results of a fixed-effects model in this meta-analysis were exactly the same as those of a random-effects model.

Subgroup analyses and sensitivity analyses
------------------------------------------

We conducted subgroup analyses to explore the effects of study design, chitosan dose, and intervention duration on the overall effects of chitosan on both SBP and DBP. The chitosan dose was categorized as either a lower dose (\<2.4 g/day) or a higher dose (≥2.4 g/day). The duration of chitosan intervention was divided into a longer-term subgroup (≥12 weeks) and a shorter-term subgroup (\<12 weeks). In a subgroup analysis stratified by study design, the administration of chitosan did not significantly decrease the levels of SBP and DBP both in parallel and crossover design groups. Similarly, the subgroup analyses indicated that differences in chitosan dose and intervention duration did not appear to significantly influence pooled mean differences in SBP concentrations. However, a significant reduction in DBP was observed in higher-dose (WMD: −3.50 mmHg, 95% CI: −6.40 to −0.59; *P*=0.02; *I*^2^=26%) and shorter-term (WMD: −4.47 mmHg, 95% CI: −7.66 to −1.27; *P*=0.006; *I*^2^=11%) trials. The summary of the subgroup analysis results is presented in [Table 3](#t3-dddt-12-067){ref-type="table"}.

In addition, sensitivity analysis showed that the pooled effects of chitosan on BP did not substantially change after changing the effects model ([Table 3](#t3-dddt-12-067){ref-type="table"}). Further exclusion was conducted by omitting any single study that did not materially alter the overall combined WMD, which adds robustness to our main finding.

Meta-regression analysis
------------------------

We conducted univariate meta-regression analyses for the following potential moderator variables: dosage of chitosan intervention and duration of chitosan administration. The meta-regression results did not indicate any significant association between duration of administration and impact of chitosan on SBP (coefficient: −0.07, 95% CI: −0.29 to 0.27; *P*=0.949) and DBP (coefficient: 1.75, 95% CI: −0.09 to 0.68; *P*=0.117). In addition, there was also no association between the dose of chitosan consumed per day and respective changes in plasma SBP (coefficient: −0.19, 95% CI: −2.19 to 1.86; *P*=0.854) and DBP (coefficient: 0.77, 95% CI: −1.39 to 2.80; *P*=0.462).

The risk of bias and publication bias
-------------------------------------

Potential publication bias was examined by analyzing funnel plots and Egger's tests. In all trials, the funnel plots were symmetrical ([Figure 3](#f3-dddt-12-067){ref-type="fig"}). Results from Begg's tests also did not indicate evidence of publication bias (for SBP, *P*=0.36; for DBP, *P*=1.43).

Discussion
==========

The number of people with hypertension is estimated to grow to more than 1.5 billion by 2025, adding to the growing economic and social burden of the disease. Dietary recommendations for patients with hypertension include reduction of sodium intake, moderation of alcohol consumption, and the Dietary Approaches to Stop Hypertension eating plan recommended by the American Heart Association.[@b26-dddt-12-067] We comprehensively and systematically reviewed the current available RCTs that evaluate the effects of chitosan administration on SBP and DBP. In the final analysis, a total of eight articles with 10 treatment arms were included for pooling. Findings from this study demonstrate that the overall effects of chitosan consumption did not significantly decrease the levels of SBP and DBP in humans. Additional subgroup analyses of chitosan dose and study duration did not significantly affect the pooled results of the effect of chitosan on SBP. However, the results of subgroup analysis based on the chitosan dose and study duration further revealed that daily ingestion of chitosan significantly decreased DBP values in higher-dose (≥2.4 g/day, *P*=0.02) and shorter-term (\<12 weeks, *P*=0.006) groups. Our meta-regression analysis did not indicate any significant association between duration of administration/dose of chitosan and impact of chitosan on SBP and DBP.

The main finding in this study seems to contradict the previous meta-analysis, which was performed to appraise the impact of the administration of chitosan on the change of BP. A systematic review conducted by Jull et al[@b27-dddt-12-067] provided conclusive evidence that chitosan significantly lowered the levels of SBP (WMD: −6 mmHg, 95% CI: −7 to −5; *P*\<0.00001) and DBP (WMD: −3 mmHg, 95% CI: −4 to −2;*P*\<0.00001). Heterogeneity was noted for these outcomes (for SBP, *I*^2^=78.5%; for DBP, *I*^2^=86.3%). There are seven trials included in the previous review, including four of the studies described here. Our analysis did not include three RCTs that were included in the previous meta-analysis because these RCTs did not report the dose of chitosan consumption, which did not meet our stringent inclusion criteria. This meta-analysis has several strengths. In an attempt to produce robust results, we prestated rigorous inclusion criteria and included only those RCTs that clearly stated the enrollment of patients ingesting chitosan formulations and that specifically referred to BP change. Other strengths of the study were as follows: possible absence of publication bias in trials with chitosan administration by visual inspection of funnel plots; the low heterogeneity observed in the majority of forest plots; and in most trials with chitosan administration, the subjects were not taking BP-lowering drugs, which makes the conclusions of the analysis more consistent. To investigate the effects of chitosan on various parameters among these studies, previously defined subgroup analyses, such as intervention duration, chitosan dose, and study design, were also performed. Moreover, exclusion of any single study and sensitivity analyses based on various effects models did not materially alter the pooled results, which supported the robustness of our results. Finally, there was no evidence of publication bias of the studies by using Egger's regression test and the funnel plots.

According to the National Health and Nutrition Examination Survey study, isolated systolic hypertension (systolic ≥140 mmHg with diastolic \<90 mmHg) was present in 65% of all hypertensives \>60 years of age, whether male or female. Besides, diastolic hypertension was more prevalent among patients \<50 years of age, but for those older than 50 years, systolic hypertension was a better risk predictor of cardiovascular events.[@b28-dddt-12-067] In our subgroup analysis, the pooled analysis further demonstrated that a significant reduction in DBP was observed in subjects who consumed \>2.4 g of chitosan daily. Perhaps once deacetylated, chitosan can act as a cationic polysaccharide in the intestinal tract. Positively charged amino groups on chitosan bind to negatively charged molecules such as fatty acids, lipids, and bile acids, after which they are excreted from the body rather than being systemically absorbed or reabsorbed.[@b29-dddt-12-067] Therefore, the concentration of chitosan in the plasma of subjects under treatment with a lower dose might not be sufficient to regulate DBP. Regarding the subgroup analysis by intervention duration, a similar significant change in DBP was observed in subjects who consumed chitosan for \<12 weeks. Most notably, these results are inconclusive because of the limited eligible RCTs included in these subgroups; further adequately powered studies are needed.

Although this meta-analysis provides useful information for clinicians and researchers alike, several important limitations and gaps are worth noting. First, none of the included trials was designed to investigate the effect of chitosan on BP, and BP measurements were not the primary endpoints. The null findings of the secondary outcomes may not have always been published. Secondly, although clear inclusion and exclusion criteria were made, significant variations still existed among different study designs, dose of chitosan consumption, and patient's daily diet, which produced a certain bias to the research results. Another inherent limitation of meta-analysis is the limitation of data in the original published articles and lack of access to the individual patient-level data which would have been particularly helpful for our subgroup analyses and to explain the heterogeneity among studies. Finally, given the lack of data in each trial, we did not adjust our analyses for compliance to assigned therapy.

Conclusion
==========

The current evidence suggests that daily chitosan consumption significantly decreases DBP in higher-dosage (\>2.4 g/day) and shorter-term (\<12 weeks) interventions, while chitosan has no significant effects on SBP. However, these results are inconclusive and should be interpreted cautiously because of the limited number of RCTs regarding the effect of higher dose of chitosan and shorter-term interventions on the measure of BP. Further large-scale, well-designed RCTs on this topic are urgently needed.
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![Flow diagram for identification of relevant studies.\
**Abbreviation:** RCTs, randomized controlled trials.](dddt-12-067Fig1){#f1-dddt-12-067}

![Net changes in systolic blood pressure (**A**) and diastolic blood pressure (**B**) in randomized trials of chitosan supplementation.\
**Notes:** The area of each square is proportional to the study weight in the analysis. Horizontal lines represent 95% CIs. Diamonds represent pooled estimates.\
**Abbreviations:** DBP, diastolic blood pressure; SBP, systolic blood pressure; WMD, weighted mean difference.](dddt-12-067Fig2){#f2-dddt-12-067}

![Funnel plots with pseudo 95% CIs for publication bias of systolic blood pressure (**A**) and diastolic blood pressure (**B**).\
**Abbreviations:** DBP, diastolic blood pressure; SBP, systolic blood pressure; SE, standard error; WMD, weighted mean difference.](dddt-12-067Fig3){#f3-dddt-12-067}

###### 

Characteristics of study populations, type of interventions, and study designs in the included trials[a](#tfn1-dddt-12-067){ref-type="table-fn"}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference                                     No of subjects   Participants recruited                                                              BP at baseline (SBP/DBP) mmHg   Mean age   BMI\        Intervention group\                                                                               Control group   Locations   Duration\   Study design
                                                                                                                                                                                                (kg/m^2^)   (per day)                                                                                                                     (weeks)     
  --------------------------------------------- ---------------- ----------------------------------------------------------------------------------- ------------------------------- ---------- ----------- ------------------------------------------------------------------------------------------------- --------------- ----------- ----------- --------------
  Pittler et al[@b14-dddt-12-067]               30               Overweight male and female volunteers                                               125/80                          44.0       26.6        Chitosan, 1 g/day                                                                                 Placebo         UK          4           R, DB, P

  Bokura and Kobayashi[@b15-dddt-12-067]        36               Female volunteers with mild to moderate hypercholesterolemia                        134/76                          56.5       22.9        Chitosan, 1.2 g/day                                                                               Placebo         Japan       7           R, DB, P

  Ho et al[@b21-dddt-12-067]                    68               Normoglycemic obese males and females with hypercholesterolemia                     109/74 for females\             43.0       25.7        T1: chitosan consumption in females, 3.1 g/day\                                                   Placebo         Singapore   12          R, DB, P
                                                                                                                                                     118/82 for males                                       T2: chitosan consumption in males, 3.1 g/day                                                                                              

  Lehtimäki et al[@b16-dddt-12-067]             85               Subjects with mild to moderate hypercholesterolemia                                 138/88 for carrier\             44.1       25.4        T1: microcrystalline chitosan administration in apolipoprotein E e4 carrier persons, 2.4 g/day\   Placebo         Finland     12          R, DB, C
                                                                                                                                                     133/85 for noncarrier                                  T2: microcrystalline chitosan administration in noncarrier E e4 persons, 2.4 g/day                                                        

  Metso et al[@b22-dddt-12-067]                 96               Subjects with moderate hypercholesterolemia                                         134/84                          46.0       26.4        Microcrystalline chitosan, 2.4 g/day                                                              Placebo         Finland     12          R, DB, C

  Mhurchu et al[@b23-dddt-12-067]               250              Overweight and obese adults who wished to lose weight                               123/70                          48.0       35.5        Chitosan, 3 g/day                                                                                 Placebo         Australia   24          R, DB, P

  Macchi[@b24-dddt-12-067]                      20               Obese males and females aged between 30 and 80 years, with 25% excess body weight   134/83                          30--80     ≥30         Chitosan, 1 g/day                                                                                 Placebo         Italy       4           R, DB, P

  Zahorska-Markiewicz et al[@b25-dddt-12-067]   32               Obese, but otherwise healthy females                                                123/78                          22--59     ≥30         Chitosan, 4.5 g/day                                                                               Placebo         Poland      24          R, DB, P
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:**

Values for age and BMI are expressed as means.

**Abbreviations:** BMI, body mass index; BP, blood pressure; C, crossover; DB, double blind; DBP, diastolic blood pressure; P, parallel; R, randomized; SBP, systolic blood pressure; T1, treatment group 1; T2, treatment group 2.

###### 

Quality assessment of the included studies[a](#tfn3-dddt-12-067){ref-type="table-fn"}

  Study ID                                      Year   Random sequence generation   Allocation concealment   Blinding of participants and personnel   Blinding of outcome assessment   Incomplete outcome data   Selective reporting   Other sources of bias
  --------------------------------------------- ------ ---------------------------- ------------------------ ---------------------------------------- -------------------------------- ------------------------- --------------------- -----------------------
  Pittler et al[@b14-dddt-12-067]               1999   L                            L                        L                                        L                                L                         L                     L
  Bokura and Kobayashi[@b15-dddt-12-067]        2003   L                            L                        L                                        L                                L                         L                     L
  Ho et al[@b21-dddt-12-067]                    2001   U                            L                        L                                        L                                L                         L                     L
  Lehtimäki et al[@b16-dddt-12-067]             2005   L                            L                        L                                        L                                L                         L                     L
  Metso et al[@b22-dddt-12-067]                 2003   L                            L                        L                                        L                                L                         L                     L
  Mhurchu et al[@b23-dddt-12-067]               2004   L                            L                        L                                        L                                L                         L                     L
  Macchi[@b24-dddt-12-067]                      1996   U                            L                        L                                        L                                L                         L                     L
  Zahorska-Markiewicz et al[@b25-dddt-12-067]   2002   L                            L                        L                                        L                                L                         L                     L

**Note:**

In all eligible studies, criteria defined for quality assessment are based on the Cochrane guidelines.

**Abbreviations:** L, low risk of bias; U, unclear or unrevealed risk of bias.

###### 

Subgroup and sensitivity analyses of BP stratified by previously defined study characteristics

  Variables                    Arms   SBP (mmHg)              Arms   DBP (mmHg)                                                                                    
  ---------------------------- ------ ----------------------- ------ ------------ ---- ------------------------------------------------------------------- ------- ----
  **Subgroup analyses**                                                                                                                                            
  Intervention duration                                                                                                                                            
   Shorter term (\<12 weeks)   3      −2.57 (−8.70 to 3.56)   0.41   0            3    −4.47 (−7.66 to −1.27)[a](#tfn5-dddt-12-067){ref-type="table-fn"}   0.006   11
   Longer term (≥12 weeks)     7      −1.29 (−3.27 to 0.68)   0.20   0            7    −0.06 (−1.27 to 1.15)                                               0.92    0
  Dose                                                                                                                                                             
   ≤2.4 g/day                  6      −1.11 (−3.20 to 0.97)   0.30   0            6    −0.10 (−1.33 to 1.12)                                               0.87    0
   \>2.4 g/day                 4      −2.71 (−7.03 to 1.62)   0.22   0            4    −3.50 (−6.40 to −0.59)[a](#tfn5-dddt-12-067){ref-type="table-fn"}   0.02    26
  Study design                                                                                                                                                     
   Parallel                    7      −1.45 (−3.63 to 0.73)   0.19   0            7    −0.80 (−2.05 to 0.45)                                               0.21    38
   Crossover                   3      −1.32 (−5.02 to 2.38)   0.49   0            3    0.19 (−2.43 to 2.82)                                                0.88    0
  **Sensitivity analysis**                                                                                                                                         
  Fixed-effects models         10     −1.41 (−3.29 to 0.47)   0.14   0            10   −0.61 (−1.75 to 0.52)                                               0.29    26
  Random-effects models        10     −1.41 (−3.29 to 0.47)   0.14   0            10   −1.06 (−2.75 to 0.62)                                               0.22    26

**Note:**

Indicates a significant result.

**Abbreviations:** DBP, diastolic blood pressure; SBP, systolic blood pressure; WMD, weighted mean difference.
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